We examined the reliability of using nitrogen concentration of stomach contents from hispid cotton rats (Sigmodon hispidus) as an index of dietary nitrogen. Stomach contents of hispid cotton rats fed pelleted diets varying in nitrogen concentration were analyzed for stomach nitrogen. Regression analysis revealed a positive linear relationship between stomach and dietary nitrogen, but the relationship was not 1:1. Thus, inverse estimation of the regression equation can be used to adjust for a lack of a 1:1 ratio to obtain more reliable and accurate estimates of diet quality. Although we expected this relationship to be robust in its application to field studies, the pelleted diet model consistently underestimated dietary nitrogen during model evaluation experiments with natural forages. We conclude that the applicability of using nitrogen concentration of the stomach contents of cotton rats as an index to dietary nitrogen is dependent on the level of accuracy and precision required in estimating nitrogen concentration of foods consumed.
Availability of nitrogen-containing nutrients (e.g., protein) is an important factor in determining food quality for herbivores (White 1993) . Therefore, estimates of nitrogen in diets of herbivorous mammals can assess quality of their food resources. Reliable estimation of dietary quality can provide insights into seasonal and annual variation in diet and habitat quality, requirements for maintenance and reproductive processes, and factors limiting distribution and abundance of animal populations.
Numerous methods have been used to assess dietary quality in small mammals. Analyses of forages known to occur in the * Correspondent: jayclark@mounet.com diet of free-ranging small mammals frequently are used to estimate nutritional quality (Choo et al. 1981; Lindroth and Batzli 1984; Randolph et al. 1991) . However, these analyses are subject to biases associated with selective feeding and may underestimate quality of food actually consumed (Magomedov et al. 1996; Peitz and Lochmiller 1993; Sinclair et al. 1982) . Other potential biases from analyses of known forages include misidentification of forages consumed, temporal changes in quality of forages analyzed, and botanical diversity of diets (Peitz and Lochmiller 1993) .
Indices of dietary quality from concentrations of fecal nitrogen have been widely advocated for herbivores (Leslie and Star-key 1985) and applied to a variety of wild ruminants (Howery and Pfister 1990; Jenks et al. 1996; Leslie and Starkey 1985; Osborn and Jenks 1998) , hares (Lepus-Magomedov et al. 1996; Sinclair et al. 1982) , and rodents (Magomedov et al. 1996) . Although indices of fecal nitrogen have been used to assess dietary quality in rodents, analysis of stomach contents has been suggested as a more reliable index (Magomedov et al. 1996) .
Chemical analysis of stomach contents offers many advantages and eliminates biases associated with other techniques that are used to assess dietary quality in small mammals. For example, stomach contents provide an estimate of dietary quality that accounts for the relative proportion of each forage species in the diet (Servello et al. 1983) . Analyses of stomach contents have been investigated in small mammals to estimate digestibility (MacPherson et al. 1985 (MacPherson et al. , 1988 Millar et al. 1991; Servello et al. 1983) , nitrogen concentration (Bergeron and Jodoin 1994; Magomedov et al. 1996) , and amino acid composition (Peitz and Lochmiller 1993) of the diet. We examined the relationship between the nitrogen concentration of stomach contents from hispid cotton rats (Sigmodon hispidus) and the amount of crude protein (i.e., % nitrogen ϫ 6.25-Robbins 1993) known to be in their diets. Our primary objective was to determine if the nitrogen concentration of stomach contents could be used as an index of dietary nitrogen. We created a model based on pelleted diets to examine this relationship. Although we predicted a positive relationship between nitrogen concentration in the diet and stomach contents, we did not expect this relationship to be 1:1 because of endogenous sources of protein found in the stomach (e.g., pepsin). Additionally, we tested our model with natural forage diets to determine if our model could accurately predict estimated nitrogen consumption from these diets.
MATERIALS AND METHODS
Laboratory procedures.-Our research colony was formed by using wild-caught cotton rats trapped at various sites in Payne County, Oklahoma, with Sherman live traps (7.6 by 8.9 by 22.9 cm), following standards established by the Animal Care and Use Committee of the American Society of Mammalogists (1998). After capture, animals were housed at the Laboratory Animal Resources facility at Oklahoma State University at temperatures of 20-25ЊC, under a photoperiod of 12L:12D. Cotton rats were housed individually in 48 by 25 by 20-cm wiretopped plastic cages with corncob bedding. We operated under a protocol approved by the Animal Care and Use Committee of Oklahoma State University.
Cotton rats were bred and the offspring were raised to weaning (18 days-Parsons 2001) . Weanling cotton rats were assigned randomly to 1 of 7 pelleted, isocaloric (18.0-18.4 kJ/g by formulation) experimental diets (Zeigler Brothers, Inc., Gardners, Pennsylvania) formulated to represent a range of nitrogen levels from 1.0% to 3.2%. Each diet was formulated identically except for relative amounts of soybean meal and corn meal, which were adjusted to achieve rations of 0.96%, 1.28%, 1.60%, 1.92%, 2.24%, 2.56%, and 3.20% nitrogen (Table 1) . Diet formulations also included crystalline lysine and methionine to prevent these amino acids from becoming limiting, as they often are in corn-soy diets fed to monogastrics (D 'Mello 1994) .
Juvenile cotton rats were fed experimental rations until 6 weeks postweaning (60 days). For the first 3 weeks postweaning, they were housed in small plastic cages (28 by 18 by 13 cm) similar to those of adults. For the final 3 weeks of the feeding trial, juveniles were moved to the larger cages (48 by 25 by 20 cm). Water and experimental diets were offered ad libitum throughout the entire 6-week period.
Each cotton rat was put under general anesthesia with Metofane (methoxyflurane, Mallinckrodt Veterinary, Inc., Mundeleine, Illinois) and euthanized via cervical dislocation at 6 weeks postweaning. All animals were euthanized at the same time of day (0800 h) to preclude influences of daily fluctuations in gut fill and water intake. Immediately after rats were euthanized, we opened the peritoneal cavity and removed the stomach, cutting the stomach from the esophagus at the cardiac sphincter and from the proximal small intestine at the pyloric . Stomach contents with a dry weight Ͼ0.1 g were used for analysis. Samples also were taken from each experimental diet and ground in a mortar and pestle. Two sets of aliquots were taken simultaneously; 1 was oven-dried to constant mass (by using duplicate samples) at 60ЊC to determine percent dry matter, the other was analyzed for nitrogen by using the same technique as for stomach contents. Results of analyses of diet subsequently were corrected by dividing percent nitrogen by the proportion dry matter.
Statistical analysis.-We modeled the relationship between nitrogen content of the pelleted diets and stomach contents by using simple linear regression (PROC REG-SAS Institute Inc. 2000). If a linear relationship existed, we examined whether the relationship was 1:1 by testing whether the slope was different from 1.0 (PROC REG-SAS Institute Inc. 2000). We performed diagnostic analyses with residuals to investigate potential outliers, departures from linearity, constant variance, independence of observations, and normality. Additionally, we investigated use of the dry weight of stomach contents for each rat as an independent variable (i.e., covariate) in a multiple regression equation to adjust the slope in the regression equation.
Forage experiments.-We tested our model created from pelleted diets by conducting feeding trials with natural and agricultural forages. Cotton rats were bred and offspring were raised to adulthood (Ͼ60 g) in the laboratory. After weaning (18 days), rats were offered a pelleted diet (A&M 20% Range and Breeder Cubes-Natural Protein, Stillwater Milling Company, Stillwater, Oklahoma) and water ad libitum and housed in 36 by 18.5 by 15-cm plastic cages (1-2 rats/cage) until the onset of the forage experiments. During the experiments, rats were housed individually in 21 by 13 by 9-cm or 36 by 18.5 by 15-cm plastic cages. We assigned rats to 1 of 7 natural or agricultural forage diets: alfalfa (Medicago sativa), prairie hay composed primarily of Bermuda grass (Cynodon dactylon), German millet (Setaria italica stramineofructa) hay, white clover (Trifolium repens), or 1 of 3 samples of common wheat (Triticum aestivum) collected at 3 different locations during different stages of growth. The wheat-1 and -2 diets were collected before senescence (i.e., turning brown), whereas the wheat-3 diet was collected after some browning of the stems and leaves had occurred.
Three subsamples of each forage plant were analyzed for crude protein by the dry combustion method with a Leco CN-2000 nitrogen/carbon analyzer (Leco Corporation, St. Joseph, Michigan-Zhang et al. 1998 ) to estimate the mean nitrogen concentration of each diet. We weighed each individual forage sample before the feeding trial and offered forage samples and water ad libitum to the rats for Ͼ40 h. Additionally, we weighed a subsample of each forage type and oven-dried it to constant mass at 60ЊC for Ն48 h to estimate percent dry matter and moisture.
After the feeding trial, we euthanized rats, removed the stomachs, and collected stomach contents of each rat. All animals were euthanized between 0800 and 1100 h. Preparation of stomach contents and subsequent nitrogen analyses were performed by following procedures described in the pelleted diet experiment; however, samples containing Ͻ0.1 g dry weight were not analyzed in duplicate (n ϭ 9). Additionally, orts were collected from each cage, oven-dried to constant mass at 60ЊC for Ն48 h, and analyzed for crude protein by the dry combustion method. Subsamples of each forage and orts from each rat were analyzed for crude protein at the Soil, Water and Forage Analytical Laboratory at Oklahoma State University. Dietary nitrogen (N), hereafter referred to as known dietary nitrogen, was measured for each rat by subtracting the amount of crude protein (g) in the orts from the total amount of crude protein offered and adjusting for dry matter consumed.
Model evaluation.-We evaluated the predictive capabilities of our pelleted diet model by using the inverse estimation of the linear regression model (i.e., calibration- Graybill and Iyer 1994:425) . Therefore, we used our model to pre- where y 0 is the observed value of y, and 0 and ␤ 1 are estimates of the intercept and slope, re-␤ spectively. A confidence interval for x 0 can be computed by following Graybill and Iyer (1994: 429) . To investigate the predictability of our model, we calculated the mean and 95% confidence interval (CI) for the difference (d ) between known dietary nitrogen and predicted dietary nitrogen (i.e., d ϭ N Ϫ x 0 ) to determine whether our model provided an unbiased estimate of dietary quality. Additionally, we calculated the mean and 95% confidence interval for the absolute difference (d ABS ) to determine the average error in our estimate of dietary quality (i.e., d ABS ϭ ͦN Ϫ x 0 ͦ).
Post hoc analyses.-The analyses described above were true a priori analyses. The following analyses were performed after detailed investigation and identification of patterns prevalent in the data and represent exploratory analyses.
We modeled the relationship between nitrogen content of the forage diets and stomach contents by using simple linear regression (PROC REG-SAS Institute Inc. 2000). We performed 2 separate analyses because we identified values from 2 of the forage diets (wheat-2 and white clover) as outliers. One regression analysis included all data from the forage trials and the other did not include data from rats assigned to the wheat-2 or white clover diets. We performed diagnostic analyses for both models by using residuals to investigate potential outliers, departures from linearity, constant variance, independence of observations, and normality. Transformations were investigated when necessary.
RESULTS
Pelleted diet model.-Stomach contents from 57 individual cotton rats fed pelleted diets were analyzed for nitrogen content. A positive linear relationship existed between nitrogen concentration of the stomach contents and diet (stomach nitrogen ϭ 0.67 ϩ 0.82(dietary nitrogen); r 2 ϭ 0.81, d.f. ϭ 56, P Ͻ 0.001; Fig. 1 ). However, the slope (b 1 ϭ 0.82 Ϯ 0.05) from the regression analysis was different than 1.0 (F ϭ 11.55, d.f. ϭ 1, 55, P ϭ 0.001). Diagnostic procedures did not reveal any departures from model assumptions, but identified 1 observation as a potential outlier. We investigated potential effects of this observation on our results and found no influences that would change our inferences from the data. Thus, we included the observation in all analyses.
Dry mass of the stomach contents for individual rats ranged from 0.15 to 1.80 g (x ϭ 0.51 g Ϯ 0.05). The addition of dry mass in the regression equation had little effect on the estimated slope (b 1 ϭ 0.82 Ϯ 0.05; stomach nitrogen ϭ 0.69 ϩ 0.82(dietary nitrogen) Ϫ 0.03(dry mass); r 2 ϭ 0.81) and did not influence the relationship between stomach and dietary nitrogen. Thus, our model was created by using the simple linear regression model above.
Model evaluation with forages.-Stomach contents from 41 individual cotton rats fed natural or agricultural forage diets were analyzed for nitrogen content. Average nitrogen content of forages ranged from 0.72% to 5.04 % N (Table 2) and nitrogen consumption (i.e., known dietary nitrogen) for rats on forage diets ranged from 0.23% to 5.37 % N. Although some measures of known dietary nitrogen were outside the range of nitrogen concentrations of the pelleted diets (1.07-3.67% N), we only used values of known dietary nitrogen that were within range of the nitrogen concentrations of our pelleted diets to evaluate the model (Table 3) Forage models.-Post hoc examination of the natural forage data revealed increased variation in the relationship between stomach and dietary nitrogen concentration as dietary nitrogen increased (Fig. 3) ; however, much of the variation appeared to be attributed to 2 diets (wheat-2 and white clover). Thus, we created 2 regression models to examine the relationship of stomach and dietary nitrogen when using natural forage diets.
The model including all forage data did not meet the assumption of constant variance; thus, we used the inverse transformation of the dependent variable (i.e., nitrogen content of the stomach contents). The model with the inverse transformed data exhibited a negative relationship (1/ stomach nitrogen ϭ 1.18 Ϫ 0.17(dietary nitrogen), SE of slope ϭ 0.03, d.f. ϭ 40, P Ͻ 0.001) and explained 43% of the variation in the data.
The regression model that did not incorporate data from rats fed the white clover or wheat-2 diet did not require a transformation and had a positive relationship (stomach nitrogen ϭ 0.37 ϩ 0.82(dietary nitrogen), SE of slope ϭ 0.06, r 2 ϭ 0.88, d.f. ϭ 31, P Ͻ 0.001; Fig. 3) . Furthermore, the slope of this model was similar to the slope of the pelleted diet model (b 1 ϭ 0.82 Ϯ 0.05).
DISCUSSION
Our initial model from pelleted diets provided evidence for using nitrogen concentration of the stomach contents as an index to dietary quality for cotton rats. We observed a strong positive relationship between nitrogen concentration of stomach contents and known diets with 81% of the variation explained by the regression model. Similar to our study, Magomedov et al. (1996) examined use of stomach contents to estimate the qualitative composition of food consumed in 6 rodent species and the European hare (Lepus europaeus). They concluded that the chemical composition of the stomach contents almost entirely reflected the composition of food consumed with respect to protein (Magomedov et al. 1996) . However, it is important to note that the relationship between nitrogen concentration in the stomach and known diets was not 1:1 in our pelleted model.
Presence of endogenous stomach nitrogen in the form of digestive enzymes and sloughed mucosal cells has 2 effects on the estimation of dietary quality from stomach contents. First, all measurements of ingested crude protein are elevated, resulting in the intercept being Ͼ0. Second, the response of stomach nitrogen to dietary nitrogen is altered by differential dilution of ingesta. At low levels of dietary nitrogen, a larger proportion of the crude protein measured in the stomach is derived from endogenous sources. At high nitrogen intakes, the ratio between ingested and endogenous nitrogen is much higher, and a closer relationship exists between dietary and stomach crude protein. A similar relationship is seen with apparent digestibility of protein (Robbins 1993:294) . The result is a flattening of the relationship between these 2 variables and a slope Ͻ1.0. Our analysis and subsequent regression model for the pelleted diets corrected for these confounding influences and provided a more reliable and accurate estimate of dietary nitrogen.
Regression equations based on chemical analyses of stomach contents from voles (Microtus) fed known diets in the laboratory have been used to estimate digestibility of diets in wild populations (MacPherson et al. 1985; Servello et al. 1983 ). Our rationale for using regression analysis was not only to investigate reliability of using nitrogen concentration of the stomach contents as an index to dietary quality, but also to provide a means to estimate dietary nitrogen in future studies of wild populations of cotton rats. Reliable estimates and confidence intervals of dietary nitrogen from stomach contents of wild populations can be obtained from the inverse estimation of the linear regression model (i.e., calibration- Graybill and Iyer 1994:425) , therefore making it possible to predict dietary quality as a function of stomach contents.
Studies investigating digestibility or nutrient consumption of small mammals from the analysis of stomach contents often use homogenized pelleted diets to formulate models or draw inferences that are then assumed applicable to examining these relationships in field studies (MacPherson et al. 1985; Peitz and Lochmiller 1993; Servello et al. 1983) . Thus, it is assumed that relationships in these models hold for natural forages. Similarly, we expected this relationship to be robust in its application to field studies but realize the derived relationship in our pelleted diet model says nothing about nitrogen availability, which may vary substantially in foods with the same nitrogen content. For example, coniferous browses and leaves of many trees and shrubs contain tannins that reduce apparent digestibility of protein relative to grasses and legumes (Robbins et al. 1987 (Robbins et al. , 1991 . Because cotton rats feed primarily on lowtannin grasses and forbs (Randolph et al. 1991) , we suspected that an index of dietary nitrogen developed from pelleted diets likely would be positively correlated with protein availability in field studies.
Model evaluation experiments with natural forages provided limited support for using our pelleted diet model to estimate dietary quality of cotton rats in field studies. The pelleted diet model consistently underestimated dietary nitrogen and was sensitive to estimates pertaining to rats fed the wheat-2 diet (Table 3 ; Fig. 2 ). When data from the wheat-2 diet were removed from the difference analyses, the means and 95% confidence intervals for the difference (d W2 ) and absolute difference (d ABSW2 ) between known dietary nitrogen and predicted dietary nitrogen were more accurate and pre-cise (d W2 ϭ 0.36 Ϯ 0.12, 95% CI ϭ 0.10-0.61; d ABSW2 ϭ 0.49 Ϯ 0.08, 95% CI ϭ 0.32-0.67). Thus, deficiencies in accuracy and overall precision of the predicted estimates were largely attributed to the wheat-2 diet. Why did our model based on pelleted diets underestimate nitrogen in forage diets? We posit that the main reason was differences in passage rate dynamics between the 2 types of foods. A similar mechanism was hypothesized by Servello et al. (1983) to account for differences in nutritional quality between stomach and diet contents in pine voles (Microtus pinetorum). As ingested pellets are reduced in size in the stomach by enzymatic, mechanical, and chemical processes, small particles passing into the small intestine and larger particles being retained in the stomach are similar in nutrient composition because of the homogeneity of pelleted diets. Conversely, natural forages are highly heterogeneous. In ruminants, breakdown rates of plant particles were inversely related to cell wall thickness and content (Spalinger and Robbins 1986) . In some plants, highly digestible plant parts (which are commonly high in nitrogen) appeared to disintegrate more rapidly in the rumen, leaving behind more resistant, less digestible parts (Spalinger and Robbins 1986) . Similar processes occurring in a monogastric stomach coupled with rapid overall passage rates (as low as 4 h in highly succulent foods-Reid and Brooks 1994), would result in an increased likelihood of collecting stomach samples that are lower in nutritional quality, including nitrogen, than the fed-diet sample. In our post hoc analyses, nitrogen content of the wheat-2 and white clover diets were underestimated the most (Fig. 3) , and these forages may have had the most heterogeneity in composition because of the combination of structural and actively-growing tissues.
This postulate remains to be tested.
Other possible reasons for bias of our model include selective feeding by cotton rats, endogenous substances in the stomach, and time since feeding. Cotton rats may have fed on parts of plants that were lower in nitrogen, an unlikely scenario. In any case, we controlled for selective feeding by measuring nitrogen in fed forage and in orts, allowing us to adjust for actual nitrogen consumed. Endogenous substances in the mammalian stomach include hydrochloric acid, pepsin, gastrin, and mucus (Guyton and Hall 2001) . The latter 3 of these compounds are proteins or protein-based and would elevate the nitrogen concentration of stomach contents, which is opposite to what we observed. Time since feeding may have affected our measure of nitrogen consumption and the predictive capabilities of our model; however, rats were euthanized during similar times of day to minimize influences of daily fluctuations in gut fill. Furthermore, time since feeding is impossible to determine in field application of our technique and requires assumptions similar to those we made in formulating and testing our model.
The inability to accurately estimate dietary quality in wild populations has been a recurring obstacle in assessing the role of nutrition in the ecology of small mammals. The applicability of using nitrogen concentration of the stomach contents of cotton rats as an index to dietary nitrogen is dependent on the level of accuracy and precision required in estimating nitrogen concentration of foods consumed. Our techniques for estimating dietary quality were based on simple models from laboratory trials that could be conducted for most species of small mammals and subsequently applied to wild populations. However, we suggest developing such models with forages known to occur in the diet and at different stages of growth (i.e., during and after the growing season) to account for variation in seasonal nitrogen availability and succulence of vegetation. Therefore, it may be necessary to create more than 1 model to account for seasonal variation in digestibility. Future nutritional studies can use these techniques to gain more reliable esti-
